This study aimed to improve Ti-porcelain bonding strength through SiO 2 modifications. Wax patterns were coated with SiO 2 mixed with tetraethoxy silane (group C), patterns without coating were used as controls and subdivided into sandblasting group (group S) and polishing group (group P). Casting surfaces were analyzed with XRD, while Ti-ceramic interfaces were characterized using SEM/EDS. Metal-ceramic specimens were tested in three point bending, and characterizations were also analyzed with SEM/EDS of porcelain debonding surfaces. In group C, SiO 2 and Ti 5 Si 3 phases were observed; SEM micrograph showed that Ti-porcelain had a compacted interface, and EDS maps of the interface illustrated the diffusion of Si, Al, and Sn to Ti, and cohesive fracture within the bonding agent. The bond strength of group C was 39.04±5.0 MPa, which was 15% higher than that of group S and 32% higher than that of group P. SiO 2 coating could improve Ti-porcelain bond strength.
INTRODUCTION
Ti is a good alternative to base metals and noble dental alloys. Owing to its characteristic advantages, such as high resistance to corrosion, good biocompatibility, and adequate mechanical properties, Ti is widely used in the manufacture of several dental components, such as dental implants, crowns, fixed partial dentures, and removable partial dentures 1) . However, compared to conventional metal-ceramic systems, there is poor adhesion between Ti and dental porcelain, which is attributed to the rapid oxidation of Ti at temperatures above 800°C 2, 3) . Oxidation of Ti leads to a thick, loosened oxide layer [4] [5] [6] . Various surface treatments have been used to avoid the oxidation and to improve Ti-porcelain bonding strength, such as sandblasting 7, 8) , chemical agent bath 9, 10) , and the application of intermediate coating [11] [12] [13] [14] [15] . Sandblasting is ordinarily used for preparing metal substrates with surface irregularities. Surface irregularities enhance mechanical retention and increase wetting of the metal substructure. However, this would result in a possible contamination of the metal substrates by the aluminum oxide particles. That may consequently weaken the interfacial bonding between the metal substrate and the porcelain 16) . Furthermore, sandblasting and chemical treatments could not prevent the formation of a thick, loose, oxide layer on the Ti surface during porcelain fusion.
To prevent the formation of thick and loosened oxide layer at Ti surface and form chemical bonding, several researchers employed the strategy of depositing an intermediate layer on Ti before the application of porcelain. The main intermediate layer techniques were as follows: micro-arc oxidation 17) , magnetron sputtering 13, 14) , sol-gel dipping technique 15) and metal plasma immersion ion implantation and deposition 18) . Silicon, silicon oxide, silicon nitride and the combination of SiO 2 In the present study, Si-Ti intermediate layer was formed by taking advantage of the fact that Ti showed high temperature reactivity. Our primary objective in the present study was to form SiO 2 intermediate layer through cast method. Si-Ti intermediate layer played a pivotal role in improving the chemical bonding of Ti with porcelain. The morphology of modified surfaces, Ti-porcelain interface, three point bending strength and porcelain debonding were analyzed to understand the Ti-porcelain bonding.
MATERIALS AND METHODS

Specimens preparation
Forty-five rectangular wax patterns (25 mm×3 mm×1 mm) 19) were prepared using a special model of inlay wax (GC Corporation, Tokyo, Japan). SiO2 coating was prepared using A.R grade SiO2 (Analytical reagent, Sinapharm Chemical Reagent Beijing Co., Ltd, China 20) . The SiO2 coatings covered one side of the wax patterns, which would be fused with porcelain for forming fifteen wax patterns (group C). After setting, patterns were invested with an experimental investment material. ZrO 2 and Al2O3 constituted the primary materials of investment material 21) . The molds were heated to 800°C and kept for 1 h at a rate of 8°C /min, and then cooled to 200°C for casting. A commercial pure titanium ingot (JIS2, Nissin Dental Products Inc., Kyoto, Japan) was melted in a copper crucible and cast into the mold using a one chamber inert-gas vacuum pressure casting machine (Ti Cascom, Denken Co., Kyoto, Japan). All casts were carefully removed from the mold, scrubbed under running water, and cleaned in water using an ultrasonic cleaner. The control group consisted of thirty castings without SiO 2 coating. This control group was further subdivided into sandblasting group (group S) and polishing group (group P). As shown in Table 1 , ten samples were selected from each group. Sandblasting was performed with 500 µm Al 2O3 particles on a dental sandblaster (Danville Engineering, Danville, CA) at 2-3 bars pressure from a distance of 10 mm for 20 s. Polishing was done using 0.25 µm diamond paste (DSU Paste, Struers) in a grinding/polishing machine (YM-2A, Shanghai Metallurgical Equipment company LTD., Shanghai, China). In the selected samples, the side without surface treatment was ground using a 600 grit SiC paper under continuous water cooling in a grinding/ polishing machine(YM-2A, Shanghai Metallurgical Equipment company LTD., Shanghai, China) until grinding up to adjust final size of 25 mm×3 mm×0.45-0.55 mm. All specimens were immersed in 35% HCl for 1 min. Thereafter, they were cleaned with acetone liquid in an ultrasonic cleaner for 15 min, and with distilled water for another 15 min, then they would be subjected to surface analyzing and porcelain firing.
Surface characterization analysis of castings
The cleaned castings of each group were characterized through an X-ray diffractometer (XRD 7000 X-ray diffractomeyer, Shimadzu, Kyoto, Japan) with Cu kα radiation (λ=1.5406 Å). The experimental conditions were as follows: 2θ range 20-80° at 2°/step, 6s photon counting time per step.
Porcelain firing
Ten specimens of each group were veneered with ceramic Ti-22 (Noritake, Nagoya, Japan) according to manufacturers' instructions. According to the ISO 9693-1999 protocol 19) , successive porcelain layers (bonding agent, opaque, dentin, and glaze), having characteristic dimensions of 8 mm×3 mm×1 mm, were constructed at the center of each specimen. To minimize the effect of handling variations, all the metal-porcelain specimens were prepared through special model (Fig. 1) . The metal model has two parts: A and B, there is a rectangular groove (25 mm×3 mm) in the center of A, there is a removeable piston in the bottom of the groove, the piston can adjust the depth of the groove; after put the titanium specimen in the rectangular groove, put part B on the surface of part A, adjust the rectangle in the center of B to 8 mm×3 mm, then fixed B on A with the two screws. The bonding agent of Ti-22 was kneaded and built up to a thickness of 0.5 mm on titanium-based specimen, and fired in an automatic furnace (LECTRA, Ugin Dentaire, France). The height of initial layer after firing was adjusted to 0.2 mm by grinding with rotary tools. Opaque layer, up to a thickness of 0.4 mm, and dentin/ glaze layer, up to a thickness of 1.0 mm were similarly constructed. The heating conditions are shown in Table  2 . The detailed procedure is shown in Fig. 1 .
Ti-ceramic interfacial analysis
After porcelain sintering, one metal-ceramic sample of each group was invested in an acrylic resin. After 24 h storage in room temperature, they were cut with a low speed electrosection cutting (TCO-2000, BOSCH, China) and the Ti-ceramic interfaces were exposed. This interface was ground with SiC paper to improve its grit size from 600 to 2,000 under continuous water cooling. Thereafter, polishing of the Ti-ceramic interface was done with 0.25 µm diamond paste in a grinding/ polishing machine. The polished samples were cleaned with ultrasonic cleaner in distilled water for 10 min and sputter-coated with gold in a sputter-coating unit (SCD 004 Sputter-Coater with OCD 30 attachment, Bal-Tec, Vaduz, Liechtenstein). After sputter-coating with gold, the interface of group C was examined in a scanning electron microscope (Quanta 200, FEI, Hillsboro, USA) 400× magnification. Thereafter, the images of the interfaces were captured through Backscattered Electron Imaging (BEI) equipment which employed at a solid state backscattered detector under 20 kV acceleration voltage, 110 µA beam current and 800× magnification to all groups. Moreover, the elemental distribution across the ceramic-metal interface was determined using line scan EDS analysis (Model s-3400N scanning electron microscope, Hitachi, Japan). The line scan analysis included the data extending from the bonding agent toward Ti up to the 12.16 µm line across the Ti-ceramic interface.
Bond strength determination
The bond strength test was performed on a universal testing machine (AG-X Plus, Shimadzu Co., LTD) according to ISO9693 19) . From each group, nine metalceramic specimens were loaded in the three-point bending device at the same crosshead speed of 1.5 mm/min. The debonded load (F (Nt)) was termed as the first sudden decrease in the load-deflection graph. The debonded strength =κ×F (Nt) 19) .
Debonded fracture surfaces analysis
The representative debonded specimen surfaces of each group were sputter-coated with gold in a sputtercoating unit. The fractured surfaces were observed in SEM operating in secondary electron images (SEI) under 20 kV accelerating voltage 110 µA beam current and 400× nominal magnification. The specimens at 400× magnification were analyzed with an X-ray microanalysis, digital imaging system and the EDS raster analysis was performed on all of the surfaces.
Statistical analysis
All the results of bond strength data have a normal distribution were statistically analyzed with one-way analysis of variance (ANOVA) using SPSS 17.0 and SNK. Post-hoc multiple comparisons test (α=0.05) was also used for statistical analysis of results. Each value was compared with the control values. P<0.05 was regarded as statistically significant and was adjusted by the Bonferroni method to allow for multiple comparisons. Figure 2 displays X-ray diffraction patterns. New SiO2 and Ti5Si3 phases were observed in group C, while only Ti peaks were observed in the control groups (group S and group P). Figure 3 represents the SEM and Backscattered Electron Imaging (BEI) micrographs of the Ti-ceramic interface. Here, the bonding agent zone was clearly demarcated between the Ti substance and porcelain. SEM micrograph showed a compacted interface of group C (Fig. 3a 0) . The intermediate layer can be observed in BEI in which depicted a new chemical compound (Fig.  3a) in group C, the irregular sharp black particles might be SiO 2, it was embeded on the titanium surface. In the control group, we detected a zone with an atomic number that was lower than that of Ti. This zone was found along the Ti-porcelain interface in group S (Fig.  3b arrows) , but micro-fissure was detected in group P (Fig. 3c arrows) . Figure 4 displays the results of line scan EDS analysis of the Ti-ceramic interfaces. Here, the zone of interfaces extends from the bonding agent to the Ti substrate. While proceeding from the bonding agent to the metal substrate, Si and O depicted a progressive reduction, while Ti showed an exactly opposite behavior. Si showed high concentration at the interlayer zone in group C (Fig. 4a) , while the main elements of bonding porcelain were negligible in the reaction layer zone of the control group (Fig. 4b, 4c ), the different colors represented different elements. Table 3 displays the bond strength results. The bond strength of group C was the highest, with a reported mean value of 39.04 MPa, compared the group S (32.97 MPa) and group P (26.59 MPa). There were statistically significant differences between group C and the control groups. Moreover, statistically significant differences were also reported in the results of the two control groups (p<0.05). Figure 5 shows the secondary electron images (SEI) obtained from the adhesive-fractured surfaces of Ticeramic specimens (400×). These images suggest that there is cohesive fracture within the porcelain bonding agent of group C (Fig. 5a, a1) , more porcelain components remained in Ti surface, while cohesive fracture at the Ti-ceramic interface of group S (Fig. 5b,  b1 ), in group P, cohesive fracture occurred between the Ti substrate and subsurface oxidation layer (Fig. 5c, c1 ), a-c Refer to the SNK, post-hoc multiple comparisons, different letters mean strength values with significant differences (p<0.05).
RESULTS
Surface characterization analysis of castings
Interface characterization analysis
Bond strength
Ti-ceramic debonded surfaces analysis
almost no porcelain components remained in Ti surface. In EDS analysis, the main elements Si, Al, and Sn of the bonding agent were found in high amounts in group C. Moreover, elements K and Na were also detected in group C. The main elements were detected in minimal amounts in control group, especially in group P. This indicated that the control groups lacked of chemical bonding ( Fig. 5 right side) .
DISCUSSION
The bond strength between titanium and porcelain depends on several factors: thermal expansion coefficient (TEC) mismatch between titanium and porcelain, mechanical retention and chemical bonding.
Many researchers [22] [23] [24] had tried different strategies in developing the cpTi porcelain with TEC that matched with titanium's TEC. In 1992, bonded porcelain was used in porcelain titanium ceramic systems for the first time. In this study, low-fusing dental porcelain Ti-22 was used since its TEC matched with that of titanium.
One of the innovative points of this study was that SiO 2 intermediate were applied to modify titanium surface through cast method. It is a well-known fact that titanium has a higher melting temperature (1,668°C), owing to high melting temperature and vacuum casting circumstance, SiO 2 coating pre-applied to wax pattern would react with Ti to form new Ti-Si compounds, which served as a barrier for titanium oxidation during porcelain firing. According to the XRD analysis of cast Ti surface, Ti 5Si3 and SiO2 phase were observed in group C. These results agree with the findings of previous studies elaborating the reactions of titanium with various glass materials, such as stomatological porcelain 25) , quartz, glass 26, 27) , and silicon oxide 28) . These Ti-Si compounds and SiO2 would form chemical bonding with porcelain, because they are characterized with high homogeneity with dental porcelain. The nonappearance of titanium peaks has been attributed to high concentration of SiO 2 in SiO2 coating. Because the inner investment material contained so much SiO2, the reacted layer was thicker. Owing to HCl modification of the casting surfaces, the weak subsurface oxidation could be eliminated. This was done to avoid the weakening of the protective layer. Future research studies should explore this matter. The XRD patterns of control groups only showed α-titanium, because our experimental investment was seldom reacted with titanium and the control groups were polished.
Previous studies have reported the significance of chemical bonding in the mechanism of Ti-porcelain bonding. Fischer 29) had suggested that the importance of chemical bonding between metal substrate and ceramic. Various investigations had also focused on understanding the chemical integration of metal substrate and ceramic 30, 31) . In this study, the SEM/ EDS revealed different morphologies of Ti-porcelain interfacial zone, the mutual elemental diffusion was detected through these images. In group C, SEM shows that Ti-porcelain had a compacted interface, Ti-Si compounds and SiO 2 on the surface of titanium might play an importtant role. While subsurface oxidation occurred in control groups, that mean titanium was strongly oxidized during sintering, these findings were in good agreement with previous investigations 10, 32, 33) , especially in group S. EDS analysis revealed the intensity profiles of major elements of the substrate and bonding agent at the Ti-porcelain interface. Based on these intensity profiles, it can be inferred that there is diffusion of bonding agent's elements into titanium, wherein the diffusion happens at the interface. The intensity of Si in group C has been attributed to the probable interaction of SiO 2 and porcelain, leading to the diffusion of the bonder porcelain. Sn and Al, the other two major elements that were included in bonding were also traced in group C. Low traces of bonding porcelain's elements were detected at the Ti-ceramic interface of the control groups. This phenomenon indicated the presence of bonder ceramic on titanium-oxide, which was merged during the process of porcelain sintering.
Compared with the uncoated group, the three point bending strength of coated group C showed 56% higher than that of required value 25 MPa of ISO 9693-1999 19) . The improvement of bond strength is mainly attributed to the chemical bonding between Ti-Si compounds and SiO 2 with dental porcelain. SiO2 coating and titanium substrate formed a stable combination and this was validated by XRD analysis. In addition, EDS analysis of group C supported the supposition of a chemical reaction between the SiO 2 coating and dental porcelain at the interface. Sandblasting with 500 µm Al2O3 particles for group S was in order to get a similar roughness between group S and group C. However, the roughness of group S was significantly different from that of group P. This suggests that surface roughness has some correlation with bonding strength [34] [35] [36] . However, there is no general agreement on the fact that sandblasting helps in increasing bonding strength, since reverse conclusions have been reported by some studies 33, 37) . In another hand, it is unavoidable some amount of oxygen diffused to metal titanium and form titanium oxide, including Si, that means the mechanical properties of titanium surface changed. In this study, we tested the elastic modulus of the three groups respectivrly, the values of k is different from other groups.
In this study, the analysis of fracture faces showed different porcelain de-bonding modes in control groups. The fracture face mostly occurred either within the subsurface oxidation layer or between the oxide layer and porcelain. These findings are in good agreement with the reports of previous studies 38, 39) . These types of fracture mode supported the mechanism that Ti is rapidly oxidized during porcelain fusion, and sandblasting could not prevent the formation of a thick, loose oxide layer on the Ti surface. In the coated group C, the fracture mode was almost within ceramic layer. Elements (Si, O, Sn, Al, Na or K) of the bonding porcelain were observed with a quantity of Si (29.45 wt%) and Sn (6.47 wt%) and Al(1.22 wt%) a small quantity of Na/K by EDS on the debonding surface. In another study, these elements were found to be the basal components of Ti-22 40) . We postulate that the bonding mechnism is between Ti-Si compounds, SiO2 melting porcelain during liquid phase sintering.
CONCLUSIONS
This study introduces a novel method of SiO2 modification of titanium surface through cast. In this technique, we have exploited the high temperature reactivity of Ti in a vacuum casting. Ti-Si compound and SiO 2 were formed on the titanium surface that could prevent Ti surface from oxidation during porcelain sintering, and also form chemical bonding with porcelain which significantly improve Ti-ceramic bonding strength.
